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Abstract 
Part of the Pioneer Mountains of central Idaho is a metamorphic core 
complex in which both Mesozoic compressional deformation and Cenozoic 
extension are recorded. The compression affected all pre-Tertiary rocks within 
the core and resulted in complex mesoscopic isoclinal folding of basement and 
overlying Early Paleozoic miogeoclinal rocks. A syn-kinematic granitic pluton 
recorded a relatively __ si~yle strain indicative of macroscopic, ENE-directed 
ductile thrusting. Published K-Ar ages for the syn-kinematic pluton indicate a 
pre-Tertiary age .for this compression. Towards the en.cl of the compression the 
pre-Tertiary rocks in the core ·w·ete deformed into a macroscopic, ENE-verging 
·antiform. The compressional sttuctures are interpreted as a deep-seated 
manifestation of the Sev.ier/Laramide otogen·y. Extensional features post-date 
the compressional structures. N·umetous small (lcm-lm wide) d11ctile shear 
·zones showing a normal displacei:nent cross-tut the compression-related structures 
and fabrics in the core. The ductile shears strike roughly NW. A brittle 
detachment Sf:parates the tore and the unmetamorphosed cover. A wide (about 
20m), modera~ely north-dlp·pirtg zon~ of chloritic breccia marks the detachment 
where it cllts an Eocene quartz monzonite pluton. F,ault plane and slickenside 
orientations within the breccia suggest an oblique (sinistral and normal) NW 
movement ·of the :hanging wall for the latest displacement along t.he detachment. 
Locally, th.e pl uton is foliated beneath the chloritic breccia implying that 
deformation progressed from ductile to brittle during movement along the 
detachment. The normal ductile shears, the brittle detachment, and NW-
trending lineations in the quartzites of the structurally highest parts of the core 
are considered as resulting from a NW-directed extension that affected the 
1 
region in the Early Tertiary. The extension operated as a crustal non-coaxial 
shear zone in th,! structurally higher portions of the core. The denudation of 
the core by crustal shearing created an isostatic uplift of the area. As the 
crust thinned and the area uplifted, the crustal shear passed from pressures a11d. 
temperatures of ductile deformation into those of brittle deformation. High-
angle normal faults that cut the area denote a second, ENE- to NE-directed 
extension that is still deforming the region today. The younger extension is 
probably related to Basin and Range deformation. 
2 
Introduction 
A portion of the Pioneer Mountains of central Idaho (fig. 1-1) is a part of 
a disc on tin uous belt of metamorphic terr an es ref erred to as "Cordi Iler an 
metamorphic core complexes" which extends from southern British Columbia, 
Canada, southward through the U.S. Cordillera to Sonora, Mexico. 
Metamorphism, penetrative deformation, and low-angle faults placing younger 
rocks over older rocks characterize these terr an es. (Coney, 1980) 
A long debated problem • lS the relative importance of Mesozoic 
compressional versus Cenozoic extensional deformation in the development of 
metamorphic structures in core ·complexes ( see Coney, 1980; Todd, 1980; Snoke, 
1980). In Arizona and Sonor~, the deformation is clearly the result of Tertiary 
extension (Coney, 1980). To the north in the Great· Basin, however, both 
Mesozoic and Cenozoic st.ruct)1res are recognize·d (.Sn.oke, 1980; D .Miller, 1980, 
1983; Todd, 1980; E.Miller, et al, 1983). 
The geology of the Cordillera changes markedly- across·. the Snake River 
Plain in that Neogene extensional structures are less- pr.onou·nced to the north 
than in the Basin and Range to the soutl1. This fact may account for 
geologists working to the north favoring a domin·ance of Mesozoic deformation 
(i .. e. Sevier /Laramide orogenesis) in the evolution of metamorphic core complex 
... 
structures (e.g. Dover, 1969, 1975, 1980, 1981, 1983; Simony, et al, 1980). 
The Pioneer Mountains metamorphic core complex is the southernmost of 
the complexes situated north of the Snake River Plain, located just east of 
Ketchum, Idaho, and as such may be an important link between the northern 
and southern core complexes. This study was undertaken in order to re-
evaluate the deformational history of th.e Pioneer Mountains core complex, 
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previously considered to be dominated by Mesozoic compression (Dover, 1975, 
1980, 1981 ), in light of the new concepts of Tertiary low-angle detachments in 
'crustal extension ( Wernicke and Burchfiel, 1982) . 
.. 
. .. 
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Regional Setting 
The Pioneer Mountains metamorphic core complex is situated in the 
hinterland of the Sevier /Laramide fold and thrust belt and immediately east of 
the Idaho batholith (fig.I- I). The regional geology of the area { fig. 2-1), 
mapped in some detail by Dover {1969, 1981, 1983), displays features 
characteristic of other Cordill er an core complexes (Coney, 1980). 
U nmetamorphosed "cover" rocks, comprised of Paleozoic sedimentary rocks 
:( Ordovician through Mississippian miogeoclinal rocks, Mississippian elastics from 
the Antler foreland basin, and Pennsylvanian and Permian miogeoclinal rocks) 
unconf ormably overlain by the Eocene age Challis volcanics, occur in a series of 
structural plates which surround a "core" containing medium- to high-grade 
metamorphosed Precambrian to Early Paleozoic rocks referred to by Dover 
( 1981) as the Pioneer Windo.w'. ·These .sttuct ural p]ates are separated from the 
metamorphic core and from each other by low.- to moderately-dipping faults 
which place younger rocks over older rocks. The metamorphism within the core 
affected an older Precambrian baselJ}ent and Precambria·n to Ordovician 
:miogeoclinal rocks. Late Ctetaceousf?) to Early Tertiary age granitic rQcks 
intrude the older .roc:ks of this regic>"n. (Dover, 1969, 1975, 1980, 1981, 1983) 
The core itself can be divided int_o four major units (fig. 2-1). The oldest 
unit is the Wildhorse Canyon gneiss complex, considered by Dover (1969, 1975, 
1980, 1981, 1983) to be an exposure of basement. These highly deformed rocks 
consist of layered quartzitic, quartzo-feldspathic, and mafic gneisses, possibly 
metasedimentary and migmatitic in origin, as well as a calc-silicate marble bed 
that overlies the lowermost of the gneiss units. The calcite-diopside-forsterite-
phlogopite-calcic scapolite assemblage within the marble and a discontinuous 
~ 
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UNITS WITHIN THE PIONEER WINDOW 
Eocene quartz mon&onite pluton 
Late Cretaceou•(?) gr11J1odiorite pluton 
Meta•edimentary Sequence 
Wild.hor•e Can7on Cnei•• Complex 
Figure 2-1: (After Dov er, 1981 ). Generalized geologic n1ap of the Pioneer 
for location). gc== \\7ildhorse Mountains (see figure • region 1.1 
Canyon Gneiss Complex; ms=metasediment.ary sequence; 
gd=granodiorite; qm=quartz monzonite. 
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layer of sillimanite-biotite schist in the uppermost gneiss unit establish the high 
metamorphic grade throughout the Wildhorse Canyon gneiss complex (Dover, 
1969, 1981). Rb-Sr dating by Zartman (unpub., cited by Dover, 1983) yielded 
a Proterozoic X-age of about 2 b.y. for these gneisses. This basement unit is 
J 
structurally overlain by a metasedimentary sequence, located predominantly in 
the southwestern portion of the Pioneer Window. Deformed quartzites, marbles, 
and pelitic schists characterized .. by upper almandine-amphibolite facies 
metamorphism (sillimanite-almandine-biotite-muscovite assemblage in the pelitic 
schists) constitute most of this unit (Dover, 1969, 1981, 1983). 
Metamorphosed basement and cover are invaded by at least two 
generations of granitic plutons. An older (Late Cretaceous ?) granodiorite 
pluton· intrudes ·and, in most places, separates the metasedimentary sequence and 
the gneiss ·com:plex (Dover, 1969, 198.l, 1983)~ Although this intrusive cuts 
metamor.phic st:ruct ures, its strong foliation implie~ an emplacement syn-
kinematic to t:he ductile deformation ,observed within the core. One sample 
-
from the ·granodiorite p1uton gave a latest Cretaceous K-Ar hornblende date of 
67·.6· .±1.6 Ma (Zartman, unp.ul>~, cited by Dover, 1983). This. represents .~ 
rn·etamorphic cooling age and could, be misleading as there i:nay .·have been only 
partial argon loss during metamorphi.sm of ..the ·pluton. Finally, all of the pre-
Tertiary roe.ks ·within the :core are intruded by a youn.ger, relatively unfoliated 
quartz monzonite pluton. The quartz monzonite pluton occupies most of the 
eastern portion of the Pioneer Window and is also exposed in a smaller scale 
outcrop in the northwest corner of the Window. K-Ar dating yielded· discordant 
biotite and hornblende ages of 42.1 ±1.0 to 47.1 ±1.4 Ma (Armstrong, 1975) 
and 53.9 ±1.3 Ma (Zartman, unpub., cited by Dover, 1983), respectively, 
8 
suggesting an Eocene emplacement age. The lack of significant foliation 
indicates the quartz monzonite intruded post-kinematically to the main ductile 
deformation that deformed the surrounding rocks (Dover, 1969, 1981), or, that 
deformation occurred when the pluton was entirely molten. 
High-angle, approximately NNW- to NW-striking normal faults (figure i-1; 
Appendix A) cut all the rocks (including the Challis volcanics) in and 
surrounding the ~ioneer Mountains area (Dover, 1969, 1981, 1983). The faults 
are presumably related to Neogene Basin and Range deformation. 
9 
Methods 
The study was conducted in two areas of the Pioneer Mountains. The 
first area was in the northwestern corner of the Pioneer Window, within the 
headwaters of Kane Creek Canyon (Appendix A). Here the metasedimentary 
sequence, the Wildhorse Canyon gneiss complex, and the two generations of 
granitic plutons ( the syn-kinematic granodiorite and the later quartz monzonite) 
were examined in an effort to unravel their deformational history. The 
lithologies and form surfaces of the metamorphic rocks were mapped and 
orientation data on fold axes, fold axial planes, foliations, lineations, bedding, 
and faults were recorded so as to examine and compare the deformation 
experienced by the various lithologic units. All orientation data were plotted on 
an equal-area stereonet and contoured using a Kalsbeek (1963) counting net. 
The second stud_y area was along the northern boundary of .the Pioneer 
Window where the brittle detachment that separates the core from the 
unmetamorphosed cover rock was investig.ated for kinematic information. Along 
this segment of the pound.ary the detachment dips towards the north at about· 
60° and cuts the Eocene :quartz monzQnite pluton creating an approximately 20 
meter wide zone of chlori tic breccia. In order to ascertain the direction of 
transport Ori. this detachment, approximately one hundred measurements of fault 
pl~ne and slickenside orientations were recorded on· each of three separate 
outcrops and Arthaud's (1969) method of determining "m-poles" was applied . 
.. .., 
10 
• 
Results 
4.1 Field Relationships of Lithologic lJnits 
Mapping within the northwest corner of the Pioneer Window disclosed the 
· structural sequence of the rock units as well as several important age 
relationships between the units. The rocks of the Wildhorse Canyon gneiss 
complex are the structurally lowest and apparently the oldest group of rocks in 
the Pioneer Window (Fig. 2-1; Appendix A). For this study, the portion of the 
gneiss complex present in the study area has been divided into three lithologic 
units. The structurally lowest unit is a light, quartzitic gneiss, followed by a 
mafic-felsic gneiss displaying a migmatitic character, and finally an upper 
quartzo-feldsp.athic gneiss.. The gneiss complex has been assigned an older .ag¢ 
• 
than the overlying metasedi_mentary. sequence based on the presence of at least 
two generations of folds in t·hese units versus only one major phase observed in 
the metasediments. 
The Wildhorse Canyon· gneiss complex is struct_urally overlain by 
metamorphosed Late Precambrian and Early Paleozoic miogeoclinal roc·ks of the: 
metasedime.ntary sequence (Dover, 1969, 1981, 1983). The. portion of the 
metasedimentary sequence contained within the study area is comprised of two 
major lithologies. The first lithology is a yellow to brown, foliated quartzite 
with occasional marble interbeds. ·Foliations within the quartzite are generally 
defined by mica-rich laminae and at the structurally highest levels the quartzite 
displays a very strong lineation defined by grain shape anisotropy. Bedding 
within the quartzite is rarely perceptible except where original sedimentary 
structures, most commonly graded bedding, are preserv~d. The second major 
,, 11 
metasedimentary lithology is marble, occurring in the study area in two general 
forms. The first form is a thin- to medium-bedded, diopside-bearing marble 
with alternating beds of quartz-rich marble and lighter, more calcite-rich marble 
containing much less quartz. Preferential erosion of the more calcite-rich beds 
cause the darker, quartz-rich beds to protrude from the outcrops. The second 
form is a more thickly bedded, gray, buff-weathering calc-silicate marble ( oftened 
weathered to a calcite-diopside sand) with occasional quartzite interbeds and 
siliceous partings. The two forms were not found together in the same outcrop. 
The units within the metasedimentary sequence are clearly older than the 
structurally underlying foliated granodiorite pluton ( Appendix A), as dikes and 
sills of the granodiorite intrude the metasediments. Large rafts of marble, 
apparently mega-xenoliths of the metasediments. are also suspended in the 
granodiori te. 
·The foliated pluton, ce>rn.pos·ed of pytoxene-hornblende-biotite granodiorite 
(Dover, 1969, 1981, 1983), is intru~ive to all the rocks within the study area 
except the Eocene quartz mdn·zonite pluton. The fabric of the g~anodiorite 
pluto_n is. dominated by a strong. foliation generally defined by aligned biotite, 
horn:ble_:p.de and pyroxene crystals,-- although there are local areas of directionless 
fabric. In coI1trast, th~ quartz monzonite pluton is relatively unfoliated except 
for we·ak local fabri_cs, defined by aligned potassium-feldspar crystals, occurring. 
·near contacts and is: the youngest major rock unit in the study area. 
Bodies of pyroxenite, some with surface outcrops on the order of 70,000 
square meters, are exposed predominantly on the northeastern cirque-wall of the 
main fork of Kane Creek Canyon (Appendix A). Xenoliths of pyroxenite were 
' 
found within the granodiorite near contacts between the two units, thus the 
12 
_., 
I 
pyroxenite predates the granodiorite. Some of the larger bodies of pyroxenite 
may be mega-xenoliths within the granodiorite and possibly represent early 
crystallized phases brought up with the granodiorite magma. The pyroxenite 
bodies la.ck foliation and apparently behaved brittlely during the deformation 
I 
that caused the adjacent granodiorite to flow ductilely. The pyroxenite appears 
to intrude the Wildhorse Canyon gneiss complex~ but the age relationship to the 
meta~edimentary sequence is unclear. 
Thin aplite dikes cross-~ut all the rocks within the s.tudy area. Two 
separate phases of aplite dike injection have occurred. The dikes lack evidence 
of any foliation where they cut the foliated granodiorite p]uton and thus were 
likely injected after the deformation of the pluton. The dikes are probably a 
late differentiate of the Eocene quartz I11onzoriite pluton. 
4.2 Deformational Features of the Pioneer Window 
4.2.1 Folds 
Mesoscopic folds are t.he most con'spicuous defo.rmational feature- w-ithin the 
Wildhorse C.anyon :gneiss complex and the m.etasedimentary sequence. In the 
structurally lower· gneiss complex, there appear to be at least two generations of 
JTiesos~opic folds. The first phase (F 1) folds are ·obscure and often 
indistinguishable due to subsequent F2 folding, aild are only evidenced by 
outcrops of disharmonic, chaotic folds or folded folds, noted especially in the 
upper quartzo-feldspathic gneiss ( fig. 4-1). The general F2 fold sty le is isoclinal 
to tight, recumbent or horizontally inclined (fig. 4-2) similar folds. Outcrops 
commonly display F2 isoclinal folds with , sheared limbs ' and even transposed 
" 
layering. 
13 
·~ 
Figure 4-1: Chaotic folds in the 1Nildhorse Canyon gneiss complex. Note 
the dome and basin structure to the right of the hammer 
suggesting polyphase deformation. 
14 
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Figure 4-2: F2 isoclinal folds in the Wildhorse Canyon gneiss complex. 
15 
The orientations of the F2 fold • axes 1n the gneiss complex ( fig. 4-3A) 
generally display a shallow plunge and a great-circle distribution. Although the 
evidence is not conclusive, the distribution may be indicative of sheath folding, 
where fold axes were dragged toward an alignment parallel to the transport 
direction (Sanderson, 1973). 
The different lithologies • In the structurally higher metasedimentary 
sequence have varying styles of mesoscopic folding, but generally lack clear 
evidence of the polyphase deformation recognized in the gneiss complex. The 
thicker-bedded form of marble { described in section 4.1) exhibits a single phase 
of horizontally inclined to recumb.ent isoclinal folds {fig. 4-4), occasionally 
modified by more open folds verging in the same direction as the isoclinal folds, 
presumably related to the same· p·hase of folding. In contrast, the thin- to 
megium-bedded form of marbl~ has a more incoherent style of mesos~opic 
f Qldi.ng. :Most. commonly displayed are tigh.t or isoclinal folds grading abru.p.tly 
into di$ha..r~.onic folds, which often appear polyphase in nature. Several 
extensive .oµt.c:rop~ of this same lithologic form showed alm.ost entirely uniform 
i.$oclinal folding, ·however, suggesting that ·the.: dishatmonic and isoclinal folding 
can ·be attributed to· the same ::phase of folding (e.g. sheath folding). 
Orientation data on the· mesoscopic folding .of th·e quartzites in the 
met.a.sedimentary sequence is sparse due to the paucity of marker horizons 
within this lithology. A notable exception are outcrops located at the top of 
the northern portion of the ridge between the cirques of the right and main 
forks of Kane Creek Canyon where isoclinal folds were indicat~d by thin, dark, 
magnetite-rich layers. 
Fold axes recorded from the metasedimentary· sequence (fig. 4-5A) show a. 
16 
.. 
Figure 4-3: 
• 
N 
N 
Q • • 
Equal area plots of (A) fold axes (36 points) and (B) poles to 
fold axial planes (54 points) of F2 folds in the \Vi]dhorse Canyon 
gneiss complex. 
17 
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Figure 4-4: lsoclinal folds in marble of the metasedimentary sequence 
18 
shallow to moderate plunge. Although the data are sparse, the fold axis trends 
are apparently scattered, with the strongest concentrations oriented EW and 
WNW. 
Based on field mapping, the simplest interpretation of the O\'erall structure 
in the various pre-Tertiary units within the study area was that their layering 
and foliation were deformed into a macroscopic, NW-trending, slightly NE-
verging antiformal arch (Appendix A). Dover (1969, 1981, 1983) also reported 
an antiformal arching of the area and concluded that it is a subordinate 
·• 
parasitic fold developed on the upper limb of a larger, ENE-verging, overturned 
antiform. 
Poles to fold axial planes measured from the mesoscopic folds in both the 
Wildhorse Canyon gneiss complex (F2 folds) and the metasedimentary sequence 
(figs. 4-3.B an,·d·. 4-5B) fall toughly along a common great circle. A _pole to this: 
great circle has a. shallow plunge to the NW. Poles to foliation tneas1Jred. in 
the Late Cretaceous(?} gr~nod.iorite pluton, which. 1ies structurally :bet.ween the 
gneiss complex and t-he metasedimentary seque.nc_e:, plot generally along this 
great· circle as -well (fig. 4-6). The great circle distribution -may be a pro.du~t of 
the macroscopic NW--trending antiformal arching previously mentioned. If 'SO 
. ' 
the formation of the foliation in the granodiorite and the mesoscopic fqlds in 
the gneiss complex and the metasedimentary sequence occurred prior to· the 
macroscopic antifotrrtal arching of the area. 
\ 
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Equa1-area p)ots of (A) fold axes (26 points) and (B) poles to 
fold axial planes (41 points) from the metasedimentary sequence 
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Figure 4-6: Equal-area 
(54 points). 
plot. of poles to foliation in the granodiorite pluton 
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Figure 4-7: En-echelon arrangernent of boudins 
. 
In marble of the 
metasedi meTJ tary sequence. 
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4.2.2 Boudinage 
Occasionally, beds within the folded marble of the metasedimentary 
sequence display boudinage structures (fig. 4-7). The boudins are genera.Hy 
aligned asymmetrically with respect to bedding and show an "en-echelon" 
(Ramsay and Huber, 1983) arrangement. The boudinage probably formed in 
response to competency contrasts between adjacent lithologies during mesoscopic 
folding. Pinch and swell structures are present as well, presumably representing 
incipient boudinage. 
4.2.3 Macroscopic Ductile Shear Zone 
The bulk of the granodiorite pluton occupies an. intermediate structu·ral 
position between the Wildhorse Cany·on gneiss complex below and th·e 
met9sedimentary sequence above, :and records_ .a relatively simple strain compared 
to the mesoscopic folding within the surroundin·g units. Field observations 
revealed shallow-dipping foliations in the granodiorite neat the contact with the 
underlying quartzo-feldspathic gneiss grading up-sttutture into progressively 
steeper, WSW-dipping foliations and eventually into r:elativel_y undeformed 
granodiorite (Appendix A). The geometry of the granodiorite foliation suggests 
a macroscopic ductjle shear zone with. an ENE-directed hanging_ wall traf1:sport: 
(Jig. 4-8}. 
Asymmetric orientations of pressure shadows exhibited by several calc-
silicate xenoliths ( approximately 1 meter or less in width) contained in the 
.,,..-' 
foliated granodiorite indicate that the inclusions have rolled during the 
deformation of the intrusive (fig. 4-9). The orientations are consistent with 
·shearing during a roughly east-directed movement of the rocks above the 
xenoliths. Pressure shadow orientations cannot be considered an unequivocal 
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Figure 4-8: Schematic cross-section of the ridge between the right and main 
forks of Kane Creek Canyon (looking SSE). The foliation 
orientations in the granodiorite suggest a macroscopic, ENE-
directed ductile shear zone. 
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Figure 4-9: Cale-silicate xenolith in the foliated granodiorite displaying 
rolling pressure shadows (handle of hammer is pointing to one of 
the shadows). The asymmetry of the pressure shadows suggests 
an east-directed transport ( towards the right-hand side of the 
photo) of the rocks above the xenolith. 
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indicator of shearing direction, but they are a clear indicator of non-coaxial 
strain. Thus, in conjunction with the macroscopic foliation observations (figure 
4-8), these features are interpreted as the product of eastward-directed transport 
of the hanging wall along a zone of ductile shear. 
4.2.4 Normal Ductile Shear Zones 
Small ductile shear zones cut all the rocks at every structural level of the 
metamorphic core in the northwest corner of the Pioneer Window. The shear 
zones range from about 1 centimeter to 1 meter in width and dip at variable 
angles. The shear zones show classic shear zone geometries (Ramsay and 
Graham, 1970) and foliation orientations clearly indicate normal, dip-slip 
displacement (fig. 4-10). 
The norm·al ductile she&rs post-date the main phase gneissic fabric in the 
syn-kin·ematic g_ranodio.rite pluton and all the aforementioned structures in the 
m.et.as.edimentary sequence and the Wildhorse Canyon gneiss complex. The: most 
significant ductile shear zone age relationship is revealed by the aplite :dikes t·hat 
intrude all the rocks in the·· st.l).dy 'area. 1'h·ere are. t.wo phase.s of aplite dike 
demonstrated clearly· .by one set of dik.es cross-cutting the other'~ The older 
aplit-e di'ke phase was ·deformed by the .ductile shears while the you·nger phase 
was not. Furthermore·, the younger aplite dikes occasionally intru.de. along the 
ductile shear zones. 
The planes of the normal ductile shears generally strike northwesterly and 
dip towards the southeast or the northwest (fig. 4-llA). Thus, the shear zones 
represent a conjugate, ductile normal fault set that records an approximately 
NW-directed extensional transport. 
Slip vectorf,,. for the normal ductile shears were also deduced by " 
.. , 
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Figure 4-10: Normal ductile shear zone in the granodiorite pluton. 
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Figure 4-11: 
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Equal-area plots of (A) poles to the 
planes {43 points) and (B) slip vectors 
normal ductile shear 
determined for the 
ductile shears. See text for explanation of slip vectors. 
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determining the orientation of the line of intersection between the ductile shear 
plane and the foliation plane where it is dragged into the shear and then 
plotting a line perpendicular to the intersection line and parallel to the ductile 
shear plane (Ramsay and Graham, 1970). The slip vectors were primarily 
determined from data taken on granodiorite outcrops due to the ease of foliation 
measurements on these rocks relative to the other units in the study area. As 
is seen in figure 4.11B, the slip vectors have scattered maxima, implying a 
greater variation in extension direction than indicated by the orientations of the 
ductile shear planes in figure 4-1 IA. Although the multiple maxima may point 
to several, slightly offset phases of extensional deformation, the more likely 
explanation is that superposition of finite strain within the rocks created a 
complex pattern; i.e. the shear zones- were superimposed oh a pre-existing 
foliation and the accumulated finite strain invalidates the simplified assumptions 
·of a simple shear zone in homogeneous rock- (see Ramsay, 1980). 
4.2.5 Lineations 
At the structur.ally higher levels of the metamorphic core, mylonitic 
quartzite contained in the metasediment·ary sequen.ce displays a penetrative 
Thes_e lineations. are most.. readily detected along exposed pa.rtin·g 
surfaces in th'e quartzite where they appear as surface striae. The lineations 
apparently originated as elongate: q· !artz grains that have subsequently 
recrystallized into groups of small equidimensional grains having a variety of 
. 
' ' 
crystallographic orientations. Orientation measurements of these lineations show 
a very strong concentration plunging shallowly with a trend of approximately 
N66W (fig. 4-12). The age relationship between the lineations and any of the 
previously discussed structures is as. yet unresolved as they were never noted in 
29 
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Figure 4-12: 
N 
Equal-area plot of lineations 
metasedimentary sequence. 
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.the same outcrop. Lineations were not observed at deeper structural levels. 
4.2.6 Brittle Detachment Zone 
A brittle detachrnent zone separates the igneous and metamorphic rocks of 
the Pioneer Window from the unmetamorphosed cover rock at the structurally 
highest levels of the Pioneer Mountains core complex. The nature of the brittle 
detachment was examined along the northern boundary where it cuts the Eocene 
quartz monzonite pluton. Here the detachment is marked by an approximately 
20 meter wide zone of chloritic breccia (fig. 4-13) that dips northward at about 
a5° to 65°. Brecciation of lineated quartzites was observed in the detachment 
zone. Locally, the quartz monzonite pluton is foliated (aligned potassium-
feldspar phenochrysts) beneath the chloritic breccia; an observation implying that 
the deformation progressed from a ductile to a brittle behavior during movement 
along the detachment. 
The co.mplexity of the brittle deformation along the detachment made a 
direct determination of fault movement difficult. The direction of faulting was 
ascertained by applying a method developed by Arthaud (1969) for .determining 
the otient~tion of the, three rnutually perpenditular ·strain axes in an area that 
has 4ndergone deformation by slip along multiple sets of brittle. faults (Arthaud, 
1969; Bruhn .and· Pav-lis, 1981 ). Approximately one '.hundred fault plane and 
slickenside orientations were measured on th.ree separate outcrops of the chloritic 
brec:cia in order to st-ereographically construct "m-poles" (Arthaud, 1969) and 
establish the orientations of concentrations of these m-pol~s for each outcrop. 
An m-pole is ,a pole to the plane containing the pole of the fault plane and the 
slip vector (i.e. the slickenside orientation) along this fault plane-- a construction 
representing the intermediate principle strain axis for the last increment of 
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Figure 4-13: Chlori tic breccia 
deforms the quartz 
formed where the 
monzonite pluton. 
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brittle detachment zone 
movement on a particular fault plane (Arthaud, 1969; Bruhn and Pavlis, 1981). 
A concentration of m-poles should lie nearly parallel to the approximated plaue 
of the fault zone (shown by dashed line in figures 4-14A, B and C). The slip 
vector for the fault zone is then defined by a . line perpendicular to the m-pole 
.( concen tr at ion and parallel to the approximated plane of the fault zone. 
·\ 
'-) 
Slickenside step orientations can be used to determine the absolute direction of 
movement. (See publications by Arthaud (1969), Aleksandrowski (1985), and 
Bruhn and Pavlis (1981) for more details on this techni9ue.) 
M-pole plots from each of the three outcrops (fig. 4-14) yield fairly 
consistent NW- to WNW-trending slip vectors for the brittle detachment zone. 
1'hese slip vectors, in conjunction with the predominantly left-lateral and dip-slip 
movement indications from the slickenside ste:r1s, implies a roughly NW-directe·d, 
.oblique (sinistral and normal) transport of the hanging wall during th·e last 
p·hase of movement along· t-he brittle <:l~tachment. 
4.2. 7 Domal Uplift 
Presently, the Pioneer Mountains. metamorp.hic core com·plex on 'the whole 
has a generally domal configuration·., Duc.tilely deformed, high-grade 
m~tarnorphic rocks (uppe.r alrnandine-amphi.bolite facies--Dover, 1969, 1981) are 
expos_ed at high elevations relative to the surrounding unmetamorphosed cover 
·O , 
rocks by an an ti formal warping of all the rocks witin the ~ore. 
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Figure 4-14: 
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N 
determined for three outcrops of plots of m .. poles 
detachment where it 
pluton. · Arrows indicate slip 
cuts the quartz monzonite 
vectors deduced for each outcrop. 
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4.2.8 High-Angle Normal Faults 
Dover ( 1969, 1981, 1983) reported high-angle normal faults, striking 
predominantly NNW to NW, that cut all the rocks in and surrounding the 
Pione.er Mountains • region. The high-angle faults cross-cut the brittle 
detachment zone, offsetting rocks within and outside of the Pioneer Window, 
including the Eocene Challis Volcanics. The orientation of the faults is 
indicative of an ENE- to NE-directed extensron, occurring after deformation 
along the brittle detachment zone. It is of note that these faults parallel the 
bre·ak of the 1983 magnitude 7 .1 earthquake near Mackay, Idaho . 
. ,,,. 
~·· 
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Discussion 
The major goal of this study was to evaluate the relative importance of 
Mesozoic compressional versus Cenozoic extensional deformation in the 
development of the Pioneer Mountains metamorphic core complex. Such an 
evaluation requires that the deformational structures found within the core 
complex be classified as compressional or extensional in origin. Also, relative 
ages must be assigned to these structures, along with any possible time 
constraints from cross-cutting relationships with radiometrically dated intrusives. 
Most of the structures observed in the Pioneer Window cannot be easily 
attributed to either an extensional or a compressional origin based soley on 
their deformational sty le. Therefore, other criteria, most notably transport 
direction data and cross-cutting age relationships, were used to deduce the origin 
of these structures. 
5.1 Extensional Deformation 
The brittle detachment zone that forms the no.rthern b~un,dary of the 
Pioneer Wind.ow (fig. 2~ 1) is fairly. well constrained in time in that it deforms 
the Eocene quartz ro.onzonite pluton. T·hus, the NW- to WNW-directed),: oblique 
(sinistral and normal) transport <let.ermined for the detachment (fig. 4-14) 
occurred during or .after the emplacement of t_"he q.uartz monzonite pluton during 
·the Eocene. 
The orientations of the normal ductile shear planes (fig. 4-1 lA) indicate an 
approximately NW-directed extensional transport, a direction similar to that 
deduced for the the brittle detachment zone. The normal ductile shears cross-
cut all rock fabrics within the metamorphic core, with the possible exception of 
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the quartzite Ii neat ions ( the ductile shear zones and the quartzite lineations were 
never observed in the same outcrop, so cross-cutting relationships could not be 
determined). Two phases of aplite dikes, probably related to the Eocene quartz 
monzonite pluton, intrude all the rocks within the Pioneer Window. Of these 
two phases of dikes, only the older was deformed by the normal ductile shears . 
The younger dike phase is undeformed by the normal ductile shears and in 
places has intruded along the ductile shear plane. Accurate radiometric dating 
on the apli te dikes would allow a well constrained date to be placed on the 
time of activity on the d,uctile shears. Nevertheless, it is reasonable to state 
that, the normal ductile shear zones record an approximately NW-directed 
extensional episode that began after the latest Cretaceous(?) ( the ductile shears 
cut t"he foliation in the Late Cretaceo·us'(?) granodiorite) and lasted into the 
Eo.c.ene. 
l3ased on the proximity of timing an·d the· similarity in .transport directions· 
determineq for the- brittle detachment z·one. and the norm.~I d·u.ctile. shear zones, 
the two features are presumed to be, products of o·ne, a.pproximately NW-
directed·,. Early Tertia-ry ex.tensi'onal e.pisode, possibly ending sometime in the 
E.ocene (assuming the last phase of aplite dike intruded in the Eocene). The 
.dissimilarity in m.echanical behavior between the structures (i.e. ductile versus 
brittle deformation) was probably due. to the differences in structural level 
creating different pressure and tem·perature conditions. Locally, weak foliations 
are found just beneath the chloritic breccia zone of the brittle detachment in 
the normally unfoliated quartz monzonite pluton. This implies that the 
detachment may have originally behaved ductilely, but later passed into 
conditions favoring brittle behavior . 
• 
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The orientation of lineations in the quartzite contained in the structurally 
highest metamorphic rocks in the Pioneer Window have a very strong, shallowly 
plunging, NW-trending concentration (fig. 4-12). Cross-cutting relationships 
between the lineations and the other structural features within the study area 
are limited to the brecciation of the lineated quartzite within the brittle 
detachment zone. Due to this lack of age constraint on the lineations, their 
origin i~ best attributed to the northwesterly extension indicated by the normal 
ductile shear zones and the brittle detachment-- a conclusion founded only on 
the similar alignment of implied transport directions of these deformational 
features ( fi.g. 5-1). 
The neotectonics of the Pioneer Mountains region is characterized by 
NNW- to NW-striking, high-angle normal faults (Dover, 1981, 1983). The strike 
of these normal fa.ul.ts indicates a roughly NE- to ENE-directed extension, 
approximately :90° fr-on1 th.e: northwesterly extension observed within the Pioneer 
·Mount.ains core comj>lex. The disparity in tra:r:isport direction suggests that the 
two s~ts ·~r 'extensional features were generc1.ted: b.y two separate ph.ases of 
e.xte.nsion.; the ENE to NE extension being .the: younger of the two· as it 
displaces the brittle. detachment. surtou·ndin·g the P.ioneer Window {Dover, 1981, 
1983). Activity on t·he high-an·gle faults continues today as witnessed by the 
1983 earthquake (m~gµitude 7.1) in Mackay, Idaho. 
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Figure 5-1: Trends of implied transport directions determined from the 
normal ductile shears (NDS), the quartzite lineations (QL) and 
the brittle detachment zone(BDZ). 
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5.2 Compressional Deformation 
The macroscopic ductile shear zone, indicated by the progressive upward 
steepening of the foliation in the granodiorite pluton away from its lower 
contact with the Wildhorse Canyon gneiss complex {Appendix A; fig. 4-8), 
records an ENE-directed transport of the metamorphic rocks within the Pioneer 
Window after and/or during the emplacement of the pluton. The granodiorite 
intrusion is apparently no younger than the 67 Ma hornblende K-Ar age 
reported by Dover ( 1983). Presumably this age is also a minimum age for the 
deformation of the pluton as well in that temperatures during the regional 
metamorphism of the adjacent rocks approached 600°C (upper almandine-
amphibolite facies--Dover, 1969, 1981); temperatures well above the estimates for 
argon retention in hornblende (see Harrison et al, 1979). Nonetheless, the 
possibility of only partial resetting ·c:ar1not be dismissed and- thus, the reported 
K-Ar age could. be: geolo·gically· mean.ingles.s- with respect to the metamorphism. 
Only more .g~ochronology will provide a. clear constraint on the structural 
chronology. T.4e lack of major foliation -in. the Eocene quartz monzonit.e pluton 
and the· ·defo:r;:mat"ion. of the granodiorite foliation_s by t"he normal ductile shear 
zones indicate that the ENE-directed ductile ·tritQJ~port occurred before the NW-
directed, Early Tertiary extensional deformation of the Pioneer Mountains area. 
Dover (1969, 1981, 1983) reported a macroscopic, roughly ENE-verging, 
overturned antiform involving all of the pre-Tertiary rocks within the Pioneer 
Window. Field mapping within the study area indicates a smaller scale, NW-
trending, slightly NE-verging antiformal arching of the pre-Tertiary rocks 
. 
(Appendix A), presumably developed as a parasitic fold on the upper limb of 
the larger antiform. The parasitic fold was noted by Dover (1969, 1981, 1983) 
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as well. The asymmetry of the larger antiform suggests an ENE-directed 
transport, similar to that suggested by the macroscopic ductile shear zone in the 
granodiorite. Orientations of poles to axial planes of mesoscopic folds in the 
Wildhorse Canyon gneiss complex (F2) and the metasedirnentary sequence (figs. 
4-3B and 4-5B), as well as poles to foliation in the granodiorite ( fig. 4-6) all 
fall roughly along a common great "'ircle with a pole plunging shallowly to the 
northwest. The great circle distribution may be due to the formation of the 
macroscopic parasitic antiform, indicating that the foliations in the granodiorite 
and the mesoscopic folds in the metasedimentary sequence and the gneiss 
complex were created prior to the antiformal arching. 
Mesoscopic folds in both the metasedimentary sequence ,and the Wildhorse 
Canyon gneiss complex (F2 folds) are isoclinal to tight~ Fold data ( figs. 4-3 
and 4-5) are too sparse to make a firm conclusion a.bout characteristic 
orientations. Th_e· mesoscopic. folding may have .been an earlier respo.nse to the 
ENE-directed transpo:rt that formed the macroscopic antiform. 
The Fl Jolds observed in the Wildhorse Canyon gneiss complex were-
obscured by the deformation that caused the F:2 folds. The F 1 folds are 
significant, however, because they indicate that the gneiss complex, considered as 
bc:isement by Dover (1969, 1981, 1983), ·underwent at least two phases of folding 
(fig. 4-1 ), whereas the metasediments only experienced one. Th·e similarity in 
folding style between the Fl folds of the metasedimentary sequence and the F2 
folds of the gneiss complex (see figs. 4-2 and 4-4) suggest that the basement 
gneiss complex was remobilized during the ENE-directed event. 
The deformation recorded by the macroscopic ductile shear zone in the 
granodiorite pluton and the mesoscopic and macroscopic folds affected the rocks 
~ .. 
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of the Pioneer Window prior to the emplacement of the Eocene quartz 
monzonite pluton and the onset of the NW-directed extension in the Early 
Tertiary. The ENE-directed transport direction surmised from these structures 
roughly parallels that of the Mesozoic to Early Tertiary Sevier /Laramide 
deformation exhibited in other parts of the Cordillera ( e.g. the fold and thrust 
belt to the east) and is most likely a ductile, deep-seated manifestation of this 
compressional regime. 
5.3 Structural Chronology 
A structural chronology has been constructed for the Pioneer Mountains 
metamorphic core complex based on the data presented in this study. The 
ch_ronology extends from the Late Mesozoic to the present. 
During the .Sevier /Laram-iqe. orogeny (Late Mes<>zoic. throu:gh Early 
Tertiary) Precambrian to Ord-ov.ician miogeoclinal rocks, :n·ow represented by the 
metasedimentary sequence, were isoclinally folded and thr.,uSt towards the ENE 
over a- basement gneiss complex, which. itself was· mobilized and ductilely 
displaced· to the ENE into the region of the present day Pioneer· Mountains (fig. 
5-2A, B, and C). In the Late Cret·aceous(?), a granodiorite- pluton intruded 
into and between the gneiss corrtplex and the metasedirnentary sequence and was 
ductilely deformed by the ongoing deformation (fig_. 5-2B and C). This 
deformation eventually resulted in 
• 
a m·~crosco_p1c, ENE-verging overturned 
antiformal configuration of all the aforement:ioned rocks. The Sevier /Laramide 
compressional deformation was likely :related to the rapid North 
American/Farallon plate convergence rates (up to 150 km/Ma) prevailing at this 
time (Engbretson, et al, 1984, Coney, 1978). The syn-kinematic pluton was 
probably an off-shoot of the Cretaceous magmatic arc to the west of the 
" 
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Figure 5-2: (.A-> F) Cross-sectional sketch of the structural evolution of the 
Pioneer Mountains metamorphic core complex. See text for 
discussion. c=unmetamorph~sed cover rock; ms=metasedimentary 
sequence; gc= \Vildhorse Canyon gneiss complex; gd=granodiorite 
pluton; qm=qu~rtz monzonite plut.on; cz=crusta.l shear zone 
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Pioneer Mountain region (represented now by the Idaho batholith). 
The Pioneer Mountains region entered a NW-directed extensional regime 
prior to or during the Eocene, after the development of the Sevier /Laramide 
compressional features (fig. 5-2D, E, and F). Discrete, 1 centimeter to 1 meter 
wide, normal ductile shear zones began to deform all the rocks at every 
structural level within the core, cutting all the older rock fabrics. The Eocene 
quartz monzonite pluton intruded during the extensional regime and was 
• 
involved with the deformation. Simultaneous(?) with the development of the 
normal ductile shear zones., the structurally highest levels of the c<>re were 
apparently deformed in a major crustal shear zone (fig .. 5~2D and E}. This 
crustal shear zone operated ductilely at first, as ind_icat~d ~y the lineations in 
the quattzites and the local foliation observed ·in the quartz rnonzonite plut-on, 
but later :en-:t.ered conditions of ~rittle deformation, as evidenced. by the br}ttle 
.deta.chment. zone. The crustal _$hear zone probably behaved as a macroscop_ic 
n:on-~oaxial s:hear zone, displacing upper plate rocks towards the NW, thinning 
the trust ~nd conseq.uently denuding the Pioneer Mou:ntain metamorphic core-
complex (see Lister et al, 1984). Alternatively, however, the system may ·have 
.. 
be.en characterized by a pure shear exten·sion with: partial accomodation by 
emplacement of the quartz monzonite plut.on {Eaton, .. 1982; Kligfield e.t al.., 
1984). The unloading of the overlying rock during the denudation created an 
isostatic_ im.balance causing a domal uplift (Spencer, 1984) of the core complex 
as a whole (fig. 5-2F). The isostatic uplift may have raised the crustal shear 
zone out of the pressure and temperature conditons that allowed for ductile 
deformation and into conditions of brittle deformation. 
According to Engbretson et al (1984), Farallon/North American plate 
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convergence rates were stiJI high (approximately 140 to 150 km/Ma) during the 
Eocene. The occurrence of a NW-directed ex tensional regime during this 
primarily compressional tectonic setting is best explained by a right-lateral 
strike-slip complication of plate convergence, where the Pacific/Farallon/North 
American plate triple junction migrated SE along the edge of the North 
American plate and consequently created a transform boundary between the 
Pacific and North American plates (Ewing, 1980). 
After the completion of the NW-directed extension, high-angle, NW- to 
NNW-striking normal faults (Dover, 1969, 1981, 1983) began to cut !he Pioneer 
Mountains region indicating the onset of a second extensional regime with NE-
to ENE-directed transport. A decrease in Farallon/North American plate 
convergence rates to less than 50 km/Ma about 15 to 20 million years ago 
(Engbretson. et al, 1984) may be responsible for this youn.ger extension. Since 
this extension continues to the presen.t, it -is most likely related to Basin and 
Range tectonics (At.water, 1970). 
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Conclusions 
The following conclusions can be drawn from this study: 
( 1) The earliest deformation within the Pioneer Mountains metamorphic 
core complex was compressional in nature. All the pre-Eocene rocks
 in the 
Pioneer Window experienced an ENE-directed, ductile compressional defor
mation 
presumably during the Mesozoic and/or earliest Tertiary (Sevier /Laramide 
orogenesis). The Wildhorse Canyon gneiss complex, considered an exposure of 
Precambrian basement (Dov~r, 1969, 1975, 1980, 1981, 1983), was remobilized 
during this compressional event_, although it h-ad apparently been deformed p
rior 
to this as well. 
(2) A NW-directed· ·extensional regime followed the compression resulting in .. 
the superposition of extensional features onto pre-existin.g c:.ompressio.na.l 
fabrics. 
Right-lateral strike-slip complications of rapi_d plate convergen-ce (Ewing, 1980; 
Engbretson et al, 1984) during th,e: Eocene are deemed responsible for the 
extension. 
:(3) 'the extension: _manifested itself in the :Pioneer Mountains region as a 
macroscopic, c.rustal ·non-coaxial shear zone, displacing upper plate rocks t
owards 
the NW, thinning the crust, and consequently :den.uding the Pioneer Mo
untains 
core complex. At .structurally lower levels of t.he reg~on the extension was 
expressed as· small, discrete normal ductile shear zones. 
r 
(4} The: extension originally operated by quctile m·echa.nisms, but with 
progressive thinning of the crust and subsequent isostatic uplift the crusta
l shear 
zone passed into conditions favoring brittle deformation, thus creating the
 brittle 
detachment zone that now borders the Pioneer Window. 
(5) A second, younger phase of extension is recorded by NNW- to NW-
47 
striking, high-angle normal faults that cut the Pioneer Mountains region. The 
strike of the normal faults indicates a roughly NE- to ENE-directed extension; 
• approximately 90° from the older, NW-directed, Early Tertiary extension 
observed within the Pioneer Window. This extension is probably related to 
Neogene Basin and Range deformation. 
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Appendix A 
Geologic Map and Cross-Sections of the 
N orth\Vest Corner of the 
Pioneer Window( Cirques of the Right and 
Main Forks of Kane Creek Canyon), 
. 
• 
Cu.ster County:, Idaho 
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Vita 
Robert Lynch O'Neill was born to Dr. and Mrs. John J. O'Neill in New 
Haven, Connecticut on December 27, 1960. He resided in Hamden, Connecticut 
and graduated from llamden High School in 1979. He graduated with High 
Honors and received a Bachelor of Science Degree in Geological Sciences from 
Lehigh University in 1983. 
In June of 1983 Robert entered Lehigh University as a teaching assistant 
and a candidate for a Master of Science Degree in Geology. On August 4, 1985 
.,. 
he entered the Naval Aviation Officer Candidate School and was duly punted 
for lack of eagle-vision. He has now resumed his role in life as a dirtball 
geologist. 
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